Context: Although radiation exposure is an important predictor of thyroid cancer on diagnosis of a thyroid nodule, the relationship between childhood radiation exposure and thyroid nodules has not been comprehensively evaluated.
H istory of radiation exposure is an important factor guiding the clinical management of thyroid nodules (1) . Although thyroid nodules are a common ultrasonography (US) finding, usually with few direct clinical implications, nodules larger than 10 mm in diameter or having suspicious features may require further evaluation to rule out a diagnosis of thyroid cancer (1) . Although only 5 to 15% of nodules are found to be malignant (1) (2) (3) (4) , malignancy rates of over 30% have been reported among patients with a history of radiation exposure during childhood (5, 6) , and radiation exposure is one of the most established risk factors for thyroid cancer (1) .
Several epidemiological studies have evaluated the relationship between external or internal radiation dose during childhood and the risk of screen-detected thyroid nodules (7) (8) (9) (10) (11) (12) (13) . Most studies report an increased risk of any thyroid nodule (7) (8) (9) (10) (11) . Although nodule characteristics provide important information for clinical practice (4, 14, 15) , few studies have evaluated the radiation doseresponse relationship by nodule cytology/histology (e.g., nonneoplastic, neoplastic), by nodule size, or by single vs multiple nodule presentation. Radiation-related risk of thyroid nodules has also not been examined among individuals screened as adolescents and young adults, for whom the prevalence of thyroid nodules is generally low (16) .
The 1986 Chernobyl Nuclear Power Plant accident and the 2011 core meltdown of the Daiichi Nuclear Power Plant in Fukushima, Japan, have reinforced concerns about the health effects of radiation exposure. The objective of this study was to assess the relationship between exposure to internal I-131 dose as a result of Chernobyl fallout and the risk of thyroid nodules prevalent at the time of the first thyroid disease screening. We conducted a population-based thyroid screening study of almost 12,000 residents of Belarus who were exposed as children and examined 10 to 18 years later. To our knowledge, this is the largest study of thyroid nodules in relation to individual thyroid dose. This study directly compared the radiation dose-response relationship for nodules with varying cytological/histological and ultrasound features.
Methods

Study population
Detailed descriptions of the cohort and methods have been previously described (17) (18) (19) . Briefly, 11,970 individuals residing in Belarus who were aged 18 years or younger at the time of the Chernobyl accident (26 April 1986) with thyroid radioactivity measurements taken within 2 months of the accident were screened for thyroid diseases (n = 11,903 from 1996 to 2001, and n = 67 from 2002 to 2004). We serially excluded participants outside the age range of 0 to 18 years at the time of the accident (n = 114); those with unknown doses (n = 124), unknown or zero thyroid volume (n = 165), selfreported history of thyroid cancer (n = 2), aplasia (n = 4), and thyroid surgery (n = 21); and those who reported past or current use of thyroid hormones as part of their medical history (n = 119). The final study population included 11,421 subjects at risk for prevalent thyroid nodules at the time of screening.
Screening protocol
Study subjects were screened for thyroid disease at medical centers in the cities of Minsk and Gomel or at local medical clinics by visiting mobile screening teams according to a standardized protocol. Screening consisted of thyroid palpation and US examination by a physician certified in US (i.e., sonographer) and a clinical examination with independent palpation by an endocrinologist. Any discrepancies were resolved by a third, jointly conducted examination. Subjects were also administered standardized questionnaires to ascertain demographic information, location of residence, and dietary and medical history. Blood and spot urine samples were collected to measure thyroid hormone levels and urinary iodine concentration, respectively. This study was approved by institutional review boards in Belarus and the United States. Informed consent was provided by the study participants or by accompanying guardians for minors.
Ascertainment and classification of thyroid nodules
Prevalent thyroid nodules with maximum diameter of 3 mm or larger were ascertained by a certified sonographer using 7.5 MHz ultrasound probes. Participants with nodules that were (1) 10 mm or larger in diameter or (2) 5 to 9 mm with suspicious US features (hypoechoic, indistinct border, calcified inclusions, extension through the thyroid capsule, or suspicious lymphadenopathy) or with diffusely abnormal thyroid tissue accompanied by unexplained cervical lymphadenopathy were referred to the Minsk or Gomel study centers for further evaluation and US-guided fine-needle biopsy (FNB). All medical personnel were blinded to radiation doses.
Participants were considered cases if they had at least one USdetected nodule. We classified cases into neoplastic, suspicious/ not otherwise specified (NOS), and nonneoplastic nodules. Neoplastic cases include people with thyroid cancer and/or follicular adenoma detected as a result of the first screening and histologically confirmed through surgery. Suspicious/NOS cases included people who were referred to FNB and/or surgery after ultrasound examination but did not comply or had a cytological conclusion of inadequate, indeterminate, suspicious for cancer or neoplasia FNB who never underwent surgery for histological confirmation. Nonneoplastic cases included people without suspicious nodules who were not referred to FNB or surgery and people whose nodules were confirmed to be benign (excluding follicular adenoma) through FNB and/or surgery. We also categorized participants into cases with single vs multiple nodules and large ($10 mm) vs small (,10 mm) nodules based on ultrasound images. Among participants with multiple nodules, size designation was determined by the nodule with the largest maximum diameter. Similarly, among people with multiple nodules, the most serious cytological/histological finding or highest level of intervention was chosen. For example, if a person had a suspicious for neoplasia FNB conclusion for one nodule but not another, they were considered a suspicious/ NOS case.
I-131 thyroid dose
Radiation exposure to the thyroid gland came primarily from intake of I-131 through inhalation or through consumption of contaminated milk, dairy products, and leafy vegetables (20) . Thyroid dose estimation for each cohort member was based on I-131 activity in the thyroid derived from direct individual thyroid radioactivity measurements, a radio-ecological model used to assess the temporal variation of I-131 in the thyroid, and personal interviews, which provided information on residential history, individual diet, and administration of stable iodine to block intake of I-131. The following data sources were used to update the parameters of the dosimetry model: thyroid volume measurements by the Sasakawa Memorial Foundation to derive age-specific thyroid masses (21) , measurements of I-131 in soil to verify the validity of calculated I-131 deposition density in settlements, and I-131 measurements in soil and grass samples to derive an interception factor of I-131 by vegetation (22) . The arithmetic mean of 1000 individual stochastic doses due to I-131 exposure, calculated for each cohort member, was used as the best estimate of thyroid dose from I-131 (23).
Statistical analysis
All statistical analyses were conducted at the person level. To evaluate the association between I-131 thyroid dose and at least one prevalent thyroid nodule, we fit by maximum likelihood, a model of the prevalence probability, P(x,d,z), which had the following linear form on the odds scale:
Pðx; d; zÞ=½1 2 Pðx; d; zÞ ¼ expðaxÞ 3 ½1 þ bd expðgzÞ in which exp(ax) is the background log-linear odds of thyroid nodules as a function of a vector of risk factors or confounding factors x at 0 Gray (Gy), d is radiation dose (Gy), and z is a vector of covariates representing effect modification variables. Parameters a, b, and g are estimated by regression via likelihood maximization. The main parameter of interest is b, the excess odds ratio per Gray (EOR/Gy), or the odds ratio minus one. To test for departure from linearity, we also considered linear-quadratic and linear-exponential model forms.
Selection of models was conducted separately for background risk (at zero I-131 dose) and for examination of effect modification. Background models included sex, age at screening, oblast (administrative equivalent of a province or state) of residence (Gomel, Minsk, others), and urban status a priori because they are known to be strong risk factors for thyroid nodules or were used in previous studies of this population. The following potential confounders were also considered for background modeling because they could be significantly associated with both radiation dose and thyroid nodules but not believed to be on the causal pathway: current smoking, selfreported family history of thyroid disease, measures of iodine deficiency including urinary iodine concentration, and presence of diffuse goiter upon palpation. Nested models were compared using P values based on likelihood ratio tests. Non-nested models (e.g., linear-quadratic vs linear-exponential dose models) were compared using the Akaike information criterion. Significant factors that did not substantially change the radiation dose-parameter estimates were excluded from background models (i.e., smoking status).
The factors listed above, along with age at the time of the accident, were also tested as potential effect modifiers of the radiation dose-response relationship. Significance testing was used to compare dose-response relationships for different nodule groupings (e.g., large vs small) using the method of Pierce and Preston (24) . Missing values were coded as separate categories and included as indicator variables in models. Statistical tests were two-sided, and findings at P , 0.05 were considered significant. Parameters and 95% confidence intervals (CIs) were estimated using the profile likelihood. Model fitting was carried out using Epicure (25) .
Results
Characteristics of US-detected thyroid nodules
Thyroid nodules were detected at screening among 8% (n = 881 cases) of 11,421 eligible participants (Table 1) . Among 881 participants with at least one thyroid nodule, 11% (n = 101) were neoplastic cases (66 with thyroid cancer only, 24 with follicular adenoma only, and 11 with both), 23% (n = 204) were suspicious/NOS cases, and 64% (n = 576) were categorized as nonneoplastic cases. A neoplasm was diagnosed in a greater proportion of people with large nodules (26%; 73/279) than small nodules (5%; 28/602) and with single (12%; 79/648) than multiple (9%; 22/233) nodules. a Neoplastic prevalent cases include thyroid cancer (malignant neoplasia) and follicular adenoma (benign neoplasia).
b Incidental findings during surgery for six cases of both thyroid cancer and follicular adenoma, although only a single nodule was detected by ultrasound.
c FNB and/or surgery recommended, but indeterminate or not completed (includes six cases who were suspected and went on to be diagnosed through surgery with a neoplasm . 3y from ultrasound).
d Not referred to FNB and/or surgery (n = 450) or FNB and/or surgery completed with confirmation of no cancer or follicular adenoma (n = 126).
Background risk factors for all thyroid nodules
Background risk of having any nodule (at zero I-131 thyroid dose) for mutually adjusted factors is presented in Table 2 . Risk was higher in participants who were older at screening (median age at screening was 24 years for participants with nodules vs 21 years in participants without nodules); in female vs male subjects; in participants with urban residence, diffuse goiter detected at screening, and family history of thyroid disease; and in current smokers.
Radiation-related risks of thyroid nodules
Thyroid radiation doses ranged from 0.001 to 39 Gy, with 98% of participants exposed to ,5 Gy (Table 3) . Although category-specific risk estimates were not significant for small nodule groupings (e.g., neoplastic nodules), the prevalence of each nodule grouping was associated with I-131 dose across the full dose range (P , 0.001) based on tests of linear trend, with dose categories coded 1 through 7 (Table 3) . Using a continuous I-131 dose, the dose-response relationships were consistent with linearity for all major nodule groupings, except for nonneoplastic nodules, for which a linear-exponential dose-response model with upward curvature at high doses provided an improved fit to the data [linear term 0.14 (95% CI, ,20.11 to 0.41); linear-exponential term: 0.09 (95% CI, 0.02 to 0.21)].
Dose-response relationships were linear for all nodule groupings in the 0-to 5-Gy dose range, so all further analyses are restricted to doses ,5 Gy (Fig. 1) (Fig. 2) . We also examined differences in the radiation doseresponse relationship by various nodule characteristics (Fig. 2) . The radiation dose-response relationship was higher for neoplastic vs nonneoplastic nodules (P , 0.001) and large vs small nodules (P = 0.001). When analyzed simultaneously by cytology/histology and size, the dose-response for neoplastic nodules did not vary by size (P . 0.5), whereas for nonneoplastic nodules the dose-response was higher for large than for small nodules (P = 0.020). There was little evidence for differences in the dose-response for single vs multiple nodules overall or when comparing single vs multiple nodules within sex strata (data not shown).
Effect modification of radiation dose-response
Age at the time of the accident (i.e., age at exposure) modified the dose-response associations for major nodule groupings so that younger age at the time of the accident was associated with a higher E/Gy ( Fig. 3 ; Supplemental Table 1 ). For each 1-year increase in age at the time of the accident, the EOR/Gy changed by a factor of 0.79 (95% CI, 0.68 to 0.87) for all nodules and by 0.74 (95% CI, 0.60 to 0.89) for neoplastic, 0.82 (95% CI, 0.21 to 0.96) for nonneoplastic, 0.79 (95% CI, 0.70 to 0.88) for large, 0.73 (95% CI, 0.25 to 0.90) for small, 0.67 (95% CI, 0.21 to 0.88) for multiple, and 0.82 (95% CI, 0.70 to 0.90) for single nodules (Supplemental Table 1 ).
We did not detect modification of radiation risk by urban status, oblast, urinary iodine, diffuse goiter, or family history of thyroid disease for any of the major nodule groupings Abbreviation: OR, odds ratio. a Models for all nodule groupings adjust for sex, log age at screening, urban status at screening, oblast of residence at screening (Minsk, Gomel, other), diffuse goiter detected during screening, and any family history of thyroid disease and are scaled for participants aged 5 at time of the accident. P , 0.001 for test of linear trend with dose categories coded 1 through 7 for all nodule groupings. The odds ratio is equivalent to the excess odds ratio plus one (OR = EOR + 1).
doi: 10.1210/jc.2016-3842 https://academic.oup.com/jcem(Supplemental Table 2 ). We observed a modification by sex (P = 0.03) of the dose-response relationship for multiple nodules so that the EOR/Gy was 0.06 (NE, 0.54) in men and 0.82 (95% CI, 0.29 to 1.73) in women.
Discussion
We assessed the radiation-related risks of various thyroid nodule types among residents of Belarus exposed to Chernobyl fallout during childhood. Internal I-131 thyroid dose was associated with increased risk of any thyroid nodule and the mutually exclusive nodule groupings of neoplastic/suspicious/nonneoplastic, large/ small, and multiple/single, but the magnitude of radiation risk varied. The highest radiation risks were observed for neoplastic nodules irrespective of size and next for large nonneoplastic nodules. Radiation dose-response relationships for all nodule groupings were modified by age at time of the accident so that risks were highest for children exposed during infancy. (d) Black line and points represent multiple nodules, and gray line and points represent single nodules. Models were adjusted for sex, log age at screening, urban status at screening, oblast of residence at screening (Minsk, Gomel, other), diffuse goiter detected at screening, and self-reported family history of thyroid disease and are scaled for a person 5 years old at time of exposure. Results are restricted to participants exposed to ,5 Gy. The odds ratio is equivalent to the excess odds ratio plus one (OR = EOR + 1). The EOR is the vertical distance between the observed/fitted values and the dashed line.
Our findings support previous research demonstrating an increased risk of thyroid nodules with both internal and external sources of radiation (7) (8) (9) (10) (11) 26) . In people exposed to external gamma radiation from the Japanese atomic bombings, when restricting to nodules $10 mm, a significantly increased risk of all nodules (EOR/Gy = 1.65), benign nodules (EOR/Gy = 2.07), and malignant tumors (EOR/Gy = 4.40) was found (scaled for a person aged 5 years at exposure) (10). Our population was primarily exposed to internal I-131 and was younger at the time of examination, and our nodule groupings were not completely consistent. For example, we combined malignant thyroid cancer with follicular adenoma into a "neoplastic" group because both outcomes have shown similarly increased radiation-related risks in this cohort (18, 27) and are believed to usually be of monoclonal origin (28) . Our "nonneoplastic" grouping includes both nodules that were confirmed through cytology/histology to be nonneoplastic and nodules that were not referred for FNB/surgery. Despite these differences, for nodules $10 mm, we found similar significantly increased risks for all nodules (EOR/Gy = 2.12), neoplastic nodules (EOR/Gy = 4.20), and nonneoplastic nodules (EOR/Gy = 1.55) in the 0-to 5-Gy dose range for a person aged 5 years at exposure (Fig. 2) .
Our findings add evidence of variation in radiation risk according to nodule type defined by a combination of ultrasonographic, cytological, and histological characteristics. This is particularly important because thyroid nodules are etiologically and biologically heterogeneous (28) . We formally evaluated differences in the radiationrelated dose-response relationship for neoplastic vs nonneoplastic thyroid nodules, for large vs small nodules, and by nodule cytology/histology and size simultaneously (Fig. 2) . We found a stronger dose-response relationship for neoplastic compared with nonneoplastic nodules. Interestingly, the dose-response relationship for neoplastic nodules did not vary by nodule size, but the doseresponse relationship for nonneoplastic nodules did, being stronger and significantly elevated for large compared with small nonneoplastic nodules. Together, these findings raise the possibility that radiation exposure may act as an initiating event in the development of neoplastic nodules and as a promoting event in the development of nonneoplastic nodules. However, due to the crosssectional design of this study, we do not know whether Figure 2 . Radiation-related excess odds ratios and 95% CIs for thyroid nodules in Belarus. *Models were adjusted for sex, log age at screening, urban status at screening, oblast of residence at screening (Minsk, Gomel, other), diffuse goiter detected at screening, and any family history of thyroid disease and are scaled for participants 5 years old at time of exposure. P values based on likelihood ratio tests with models adjusted for all factors described above and an age at time of accident interaction term are shown. Results are restricted to participants exposed to ,5 Gy.
neoplastic nodules emerged from nonneoplastic nodules after radiation exposure, whether the behaviors of these nodules were apparent from their onset, or whether nodule growth was associated with radiation exposure. A prospective follow-up of this cohort to evaluate the dose-response relationship with incident thyroid nodules and the cohort members with prevalent nodules will be informative in this regard.
In contrast to findings among Japanese atomic bomb survivors, we observed a small but significant radiationrelated risk of small nodules (,10 mm) as a group. This was mainly driven by a strong dose-response relationship for small neoplastic nodules. A partial explanation for this difference from the Japanese data may rest in the much younger age distribution of our study population or shorter time since exposure. In our study of adolescents and young , and gray line and points represent single nodules (dose-response P , 0.001). Models were adjusted for sex, log age at screening, urban status at screening, oblast of residence at screening (Minsk, Gomel, other), diffuse goiter detected at screening, and self-reported family history of thyroid disease. Nonparametric point estimates use cut-offs of 5 and 10 years old. Results are restricted to participants exposed to ,5 Gy. P values are based on likelihood ratio tests for the inclusion of an age at time of accident interaction term (coded continuously, 1 degree of freedom). The odds ratio is equivalent to the excess odds ratio plus one (OR = EOR + 1). The EOR is the vertical distance between the observed/fitted values and the dashed line.
adults evaluated for thyroid nodules 10 to 18 years after radiation exposure, small nodules were far less common (602/11,421 = 5%) than among the 62-to 75-year-old Japanese atomic bomb survivors (667/3,087 = 22%). It is unclear whether there were any thyroid cancers or adenomas among the small nodules in the Japanese study. Because the background prevalence of thyroid nodules and thyroid cancer increases with age (16), the radiation doseresponse relationship in atomic bomb survivors may have been attenuated by a larger proportion of non-radiationrelated small nodules that occurred sporadically during the 62 to 66 years between radiation exposure and screening.
This study evaluated the differences in the radiation dose-response relationship for single vs multiple nodules. A study of I-131 exposed vs unexposed residents living close to the Mayak Weapons facility in Ozyorsk, Russia, reported a higher adjusted relative risk with I-131 exposure for single vs multiple nodules detected at screening, particularly among women (26) . In contrast, in our data for single nodules, men tended to have a higher EOR/Gy than women, whereas for multiple nodules we found a higher dose-response relationship among women (Supplemental Table 2 ). Other demographic and iodine deficiency-related factors did not significantly modify the dose-response relationship. However, nodule risk was nonsignificantly elevated for participants with iodine deficiency, as indicated by urinary iodine concentration and the presence of diffuse goiter at screening.
Our findings of increased radiation risk of thyroid nodules associated with younger age at exposure are consistent with findings from the Japanese atomic bomb survivors (9, 10) and for thyroid cancer and follicular adenoma in this cohort (18, 27) . These results support the hypothesis that childhood constitutes a window of increased thyroid susceptibility to the effects of radiation, but these effects may not be limited to carcinogenesis. Although based on limited human data, this view attributes increased cancer susceptibility during childhood to more frequent cell division with inadequate time for DNA repair of mutations (29) . However, it may also be explained by standard models of multistage carcinogenesis (30, 31). It remains largely unknown what other biological factors might be responsible for increased radiation sensitivity of the child's thyroid to the effects of ionizing radiation more broadly, although these may include a higher metabolic rate and different hormonal profile than in adults.
Our findings should be interpreted in the context of several limitations. Although the categorization of neoplastic and nonneoplastic nodules was similar to other studies, true biological behavior and clonality of each thyroid nodule could not be confirmed. In addition, due to the cross-sectional design of this study, we do not know whether radiation exposure contributed to initiation of thyroid nodules or to growth or formation of suspicious features in preexisting nodules. The strengths of this study include a large population who underwent a standardized screening protocol, use of individual thyroid I-131 doses based on direct activity measurements, and the examination of dose-response relationships based on nodule cytology/histology, size, and presentation of single vs multiple nodules.
Conclusions
In this study of adolescents and young adults screened for thyroid disease 10 to 18 years after exposure, I-131 dose was significantly associated with increased risk of any thyroid nodule, although the magnitude of radiation risk varied substantially by nodule cytology/histology and size. The relationship of I-131 dose and all types of thyroid nodules was higher in participants who were exposed at a younger age. Future studies in this cohort assessing the radiation-dose response for more detailed nodule characteristics (e.g., nodule composition, shape, echogenicity, calcifications, and vascularization), progression of prevalent thyroid nodules, and incidence of thyroid nodules during subsequent screening cycles may shed further light on underlying biological mechanisms.
